Abbreviations used in this paper: PNETs = pancreatic neuroendocrine tumors, HAE = hepatic artery embolization.
Introduction
Pancreatic neuroendocrine tumors (PNETs) are a rare clinical entity with a variable natural history. Traditionally, their incidence has been reported as 0.4 per 100,000 persons, with PNETs constituting 2% to 4% of all pancreatic neoplasms. 1, 2 However, more recent studies suggest that the number of newly diagnosed PNETs may actually be on the rise due to increased incidental detection on radiographic imaging. 3 As has been well established, these neoplasms can present as either nonfunctional tumors or as functional entities related to clinical syndromes of hormonal excess with distinct metabolic and clinical manifestations; they can be sporadic or related to familial syndromes such as multiple endocrine neoplasia syndrome type 1 (MEN-1); and their clinical course is relatively indolent, despite the fact that the majority of PNETs are malignant.
Surgery has been the focus of therapy for PNETs as it currently represents the only chance for cure. At presentation, resectability rates as high as 65% have been reported. 4 Despite the initial successes for surgical intervention, 50% to 80% of these neoplasms will recur locally or metastasize. Additionally, another third of patients will present with metastases at initial presentation. Recent studies suggest that surgical intervention for PNETs metastatic to the liver may be indicated for select patients. 5, 6 Despite the fact that it has generally been agreed upon that surgical therapy for PNETs is advantageous, determining which patients who exhibit malignant tumors will benefit from radical surgical intervention is less clear. Perhaps this confusion lies in the interpretation of single-institutional retrospective reviews that report on outcomes in heterogeneous populations exhibiting differences in disease burdens. These studies tend to be all-inclusive, combining benign and malignant tumors, functional and nonfunctional tumors, and poorly and well-differentiated histologies. Additionally, patients with aggressive disease have often received nonsurgical therapies either prior to or in addition to surgical resection, which makes the benefits of surgical intervention difficult to interpret. Due to the complex biological behavior of these tumors, indolent nature, and small numbers, conducting prospective randomized treatment trials regarding aggressive surgical therapies for PNETs will be difficult.
In this paper, we review the current indications and results of surgical intervention for PNETs and consider several possible prognostic factors that will allow us to propose an aggressive surgical treatment strategy in select patients.
The Impact of Surgical Resection on Primary PNETs
Indications and goals for surgical resection of primary PNETs include curative intent and relief from hormonally active tumors or those causing symptoms related to mass effect. Typical resections may consist of simple enucleations or segmental or radical pancreatic resections (pancreaticoduodenectomy, distal resection, or total pancreatectomy with or without vascular reconstruction of the portal-mesenteric vein) or en bloc removal of adjacent organs. Several studies have reported successful aggressive resections with acceptable morbidity and mortality (Table 1) . [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Overall survival of resected PNETs was on average 40% to 75% in these studies compared with 46% for locally advanced nonresectable PNETs. 17 Nonfunctional tumors account for 35% to 52% of PNETs, and nearly 92% are malignant with clinical presentations that are similar to exocrine pancreatic adenocarcinomas, which are more common. [18] [19] [20] This may be related to a delay in diagnosis due to lack of hormonal or clinical symptoms, usually by 4 to 6 years. Fortunately, resectability rates are higher and survival is significantly greater than its exocrine counterpart. 19 17, 20, 21 Overall survival for completely resected nonfunctioning PNETs vs functional PNETs is reportedly similar (45% 5-year survival rate for both groups). 13 Although the recurrence or the development of metastases following complete resection of invasive PNETs is reported to be 45% to 75%, the indolent nature of these tumors and prolonged overall survival justifies aggressive surgical intervention. Until more effective multimodality therapies are developed, such as novel targeted cytotoxic agents or radiologic interventions, survival will be limited by the completeness of surgical resection achieved.
Consideration of Cytoreductive Surgery for PNETs
From an oncologic viewpoint, cytoreductive surgery infers that at least 90% of tumor burden is eradicated. Efforts at debulking less than this amount rarely achieve the symptomatic relief and survival benefits afforded by more aggressive resections in PNETs.
Chamberlain et al 5 reviewed 85 cases of hepatic metastasectomies for neuroendocrine tumors that reported 5-year survival rates of 50% and 76% for patients treated with hepatic artery embolization (HAE) and surgery, respectively. Thirty-day mortality rates were similar for the two groups. These findings demonstrate a significant survival advantage to historical controls, with untreated liver metastases having a 5-year survival rate of only 20% to 30%. 22, 23 Others have demonstrated similar 5-year survival rates of 72% to 81% with aggressive surgical resection of liver metastases, but they caution that patients with more extensive hepatic disease had a more limited survival. 6, [22] [23] [24] Furthermore, with aggressive surgical debulking, symptomatic relief can be achieved in the majority of patients with functional PNETs. 25, 26 Survival benefit of cytoreductive surgery has been observed in both functional and nonfunctional PNETs compared with nonresectable controls. 
Combined Resection of Primary and Metastatic Disease
Simultaneous resection of both the primary tumor and hepatic metastases can be performed in selected patients with acceptable morbidity and mortality. Unfortunately, at diagnosis, this is feasible in less than 20% of patients due to the high percentage of multifocal and bilateral metastases. When achievable, the 5-year actuarial survival rate is 73%. 5, 6, 27 House et al 28 performed synchronous liver metastasectomy and pancreatic resection in 26 of 31 patients. No operative or perioperative deaths occurred, and operative morbidity was reported as 25%. The 5-year survival rate for these patients was 65%,with 3 survivors alive > 10 years. This was significantly greater than the 5-year survival rate of patients with unresectable liver metastases, which was 20%.
Sarmiento et al 29 also reported their series of 23 patients undergoing concurrent pancreatic and metastatic liver resections. Again, no perioperative deaths occurred, and major complications occurred in only 18% of patients. The reported 5-year survival rate was 71%; however, the recurrence-free or progression-free survival rate was only 5% at 5 years. Others have reported similar outcomes suggesting that concurrent resection of primary PNETs and liver metastasis can be achieved with similar morbidity and mortality rates to resection of primary PNETs or liver metastasectomy alone. 16 
Indications for Surgical Resection of Primary PNETs With Nonresectable Metastatic Disease
Liver metastases develop in roughly 46% to 93% of patients with neuroendocrine tumors. 5, 30 Resection for cure is possible in less than 20% of these patients. 5, 31 In light of these statistics, it is reasonable to assume that treatment strategies are eventually aimed at controlling the symptomatic and growth effects of hepatic metastases in the majority of patients. been reported. [32] [33] [34] [35] [36] [37] [38] [39] However, metastatic disease exists at presentation in up to one-third of patients with PNETs. Removal of the primary tumor in the presence of bulky hepatic metastases is often viewed as a contraindication to surgical resection. 29 Survival in patients presenting with neuroendocrine liver metastases is often measured in years rather than months. 40 These patients rarely suffer severe hepatic dysfunction resulting in death due to their bulky liver disease. 5 On the contrary, many of these patients will experience serious complications related to the unresected primary tumor. These symptoms may include biliary obstruction, gastric outlet obstruction, abdominal pain, or gastrointestinal hemorrhage. 17, 27, 41 Solorzano et al 17 reported that 9% of patients experienced complications related to the primary tumor and had an average of two hospital admissions before death when the primary tumors were not resected. Tumors located in the tail of the pancreas may also cause problems related to bleeding from gastric varices. [42] [43] [44] At our institute, 2 patients who recently presented with lifethreatening bleeding gastric varices secondary to bulky nonresectable primary disease were treated by splenic arterial embolization, which resulted in complete resolution of their symptoms (Fig 1) .
Hung et al 27 reported their results of a prospective study with resection of the symptomatic primary tumors followed by treatment of unresectable hepatic metastases by lanreotide and HAE in patients with PNETs. There were no mortalities, and morbidity was 23% related to pancreatic fistula. No evidence of disease progression was noted in 61% of the patients, and 92% had no local recurrence at a mean follow-up of 26 months. Numbers were too small to evaluate whether resection of the primary tumor affected survival. Improved quality of life was reported in > 90% of the patients. Bartsch et al 8 also support aggressive resection for asymptomatic nonfunctioning PNETs despite hepatic metastases, with the observation that 36% to 100% of patients present with potentially resectable disease.
In light of the fact that the disease course in patients with PNETs and liver metastases can be prolonged, serious consideration should be given to the resection of the pancreatic primary. It is our opinion that patients with treatable and responsive liver metastases should be given consideration for removal of their 
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primary disease, regardless of symptoms. Waiting for complications to arise significantly diminishes the chances for resection and symptomatic resolution.
The Role of Neoadjuvant Therapy in the Treatment of PNETs
Trials of cytotoxic chemotherapy in advanced PNETs have established response rates of 39% to 69% with combinational streptozocin, doxorubicin, and 5-fluorouracil and a response rate of 45% with temozolomide combined with thalidomide. [45] [46] [47] [48] The majority of these studies were undertaken in patients with diffuse hepatic metastases with or without unresected primary disease with palliative intent. Response rates were best in patients not previously exposed to other chemotherapy regimens.
At our institution, patients with bulky liver metastases with or without resectable primary disease that has a significant response to chemotherapy and/or HAE or to radiopeptide therapy are considered for aggressive surgical therapy if at least 90% of their disease can be controlled (Fig 2) . Most recently, we reported a 71% response rate in metastatic PNETs with a combination of capecitabine and temozolomide. 49 Several of these patients subsequently underwent complete surgical resection of their disease. In another investigation, Strosberg et al 50 demonstrated an objective response rate of 80% in locally advanced unresectable pancreatic neuroendocrine disease using concurrent infusional 5-fluorouracil along with induction and consolidation chemotherapy of streptozocin and doxorubicin. Although none of these patients have undergone surgical resection at our institution after treatment, it does suggest a potential role for neoadjuvant chemoradiation in the treatment of borderline PNETs.
Currently, a bias exists for aggressive surgical therapy for advanced well-differentiated PNETs; however, a recent report from Sørbye et al 51 suggests that advanced poorly differentiated PNETs responsive to chemotherapy should also be considered. They report a 5-year survivor with poorly-differentiated carcinoma that responded to neoadjuvant cisplatin and etoposide who underwent complete surgical resection of the primary and liver metastases. 
A B C D Prognostic Factors Influencing Surgical Decision Making
No discussion regarding a proposal for aggressive surgical intervention for PNETs is complete without addressing prognostic factors that may influence surgical decision making and candidate selection. Several reports have examined these variables based on institutional review of surgical patients. Although results are heterogeneous, a few generalized guidelines can be concluded. Bilimoria et al 52 used the National Cancer Data Base to identify 3,851 patients who underwent pancreatic resection of PNETs. In this review, the 5-year overall survival rate was 59.3%, with the 5-year survival rate for neuroendocrine carcinomas reported as 58.3%. Patients with tumors < 4 cm had a better 5-year survival rate than patients with tumors > 4 cm (68% vs 54.9%, P < .0001). Those with node-negative tumors had better survival than those with nodal involvement (60.2% vs 53.6%, P = .02). Presence of liver or nonhepatic metastases negatively impacted 5-year survival. Patients with well-to moderately differentiated tumors had a better 5-year survival rate than those with poorly differentiated tumors (63.9% vs 28%, P < .0001). The survival rate was worse for individuals with grossly positive margins compared to those with negative or microscopically positive disease (25% vs 57%-61.3%, P < .001). However, on multivariate analysis, only age > 55 years, poorly differentiated grade, presence of distant metastases, lack of clinical syndromes related to the primary, and resections requiring pancreaticoduodenectomy were found to be negative predictors of survival after resection of PNETs. Tumor size, lymph node involvement, margin status, adjuvant chemotherapy, and hospital volume were not associated with survival.
Several other studies have reported on prognostic factors that affected survival after resection for PNETs (Table 2) . 3, 7, 10, [12] [13] [14] [15] [16] 29, 53, 54 The majority of these studies would agree that the finding of lymph node-positive disease does not preclude resection and does not significantly affect survival. 10, 12, 15, 16, 54 Functionality of the tumor also does not seem to be a negative prognostic factor. 3, 7, 13, 16 However, these studies may be biased toward resection of early nonfunctional tumors incidentally found on radiologic imaging since most present at an advanced stage due to lack of symptoms. Age of the patient also does not seem to be a significant factor as long as the patient is medically fit to endure surgical resection. 15, 16, 54 Most physicians, however, would give consideration to tumor grade when contemplating surgical intervention for poorly differentiated histologies. In general, patients with poorly differentiated or high-grade tumors generally do worse than patients with well-differentiated or low-grade neoplasms. In fact, these patients experience a higher likelihood of recurrence and shorter disease-free interval than their well-differentiated counterparts. 16, 53 Surprisingly, the presence of positive margins after surgical resection did not always negatively impact survival, as demonstrated by Bilimoria et al 52 and others. 10, 15, 16, 29 Most of the R1 and R2 resections were not necessarily related to the primary tumor but rather were related to residual tumor burden within the liver, with the majority of these patients receiving additional therapy either medically or by radiographic means. In general, it is not good surgical principle to debulk the primary tumor, leaving gross disease behind due to increased risk of peritoneal seeding and tumor spread with no additional survival benefit.
In summary, patients of good functional capacity regardless of age, tumor size, tumor functionality, or presence of lymph node disease should be considered for aggressive surgical resection of the primary if at least an R0/R1 resection can be achieved with minimal morbidity. Patients with liver metastases should be considered for surgical intervention in cases of cytoreductive surgery when removal of > 90% of tumor burden can be accomplished or when control of hepatic metastases can readily be achieved by HAE, radiopeptide therapy, or the use of cytotoxic agents. However, consideration should be given to nonsurgical management for poorly differentiated and high-grade histologies with large tumor burden when recurrence is frequent and longterm survival uncommon.
Conclusions
A review of the current literature supports aggressive surgical resection for PNETs, even in advanced disease. However, the extent of radical surgery should be determined on an individual basis, with consideration given to a multidisciplinary approach that is focused at experienced, high-volume centers. An appreciation and understanding of each individual's tumor biology based on prognostic indicators and response to therapies should guide the surgeon as to the indications and goals of surgical intervention. Furthermore, until multicenter randomized multimodality treatment studies are performed, optimization of the treatment for metastatic PNETs is deferred to individual institutions and the physicians focused on their treatment.
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